The dynamics of the elastic and inelastic scattering of helium atoms in collisions with oxygen atoms in different fine-structure levels O( 3 P j ) at cold and ultracold temperatures is investigated using two sets of interaction potentials of the molecule HeO in the ground ⌺ and ⌸ states. Scattering resonances occur in the collisions at low energies. The positions and shapes of the resonance peaks in the inelastic channels do not always mirror those in the elastic channels. The real parts of the scattering lengths are all positive with values in the range 2.5-4.2 Å. The rate coefficients for the quenching of the 3 P 0 and 3 P 1 fine-structure levels decrease almost by one order of magnitude as the temperature decreases from 1 to 0 K and their zero temperature values are, respectively, 3.09ϫ10 Ϫ12 and 3.27ϫ10 Ϫ12 cm 3 sec Ϫ1 .
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I. INTRODUCTION
The experimental achievement of Bose-Einstein condensation in atomic gases ͓1-5͔ has opened up new areas of research ͓6,7͔ on the dynamics of ultracold molecular systems. Several theoretical studies of atomic and molecular collisions ͓8-16͔ have been carried out in order to compute rate coefficients for inelastic scattering at temperatures close to zero. Quantum-mechanical calculations of Balakrishnan and co-workers ͓8-11͔ demonstrated that the collision dynamics of diatomic molecules with atoms at these low temperatures is generally determined by the Wigner behavior of the cross sections. A multichannel effective range theory was introduced ͓12͔ for the analysis of threshold relaxation, and Feshbach resonances in elastic He-H 2 scattering were analyzed ͓14͔ in order to provide relationships between the lifetimes of vibrational and rotational predissociation of the van der Waals molecule and the scattering lengths at Tϭ0 K. Several calculations ͓10,11,15-18͔ indicated that the energy dependence of cross sections for inelastic transitions in atomic and molecular collisions at low energies is greatly influenced by scattering resonances.
Because the efficiency of cooling atoms and molecules to ultracold temperatures depends on the relative magnitude of the elastic and inelastic cross sections, it is important to understand the relation between resonances in the elastic and inelastic channels. Investigations of electron-atom ͓20,21͔, electron-molecule ͓22,23͔ and reactive atom-molecule ͓24,25͔ collisions have provided a general explanation of the mechanisms of resonance scattering in multichannel collision problems ͓26͔. It is often assumed that the positions and widths of resonance peaks in the inelastic cross sections mirror those of shape and Feshbach resonances in the elastic cross sections, because when the collision complex is trapped in a resonance state, it stays longer in a region where the coupling between different states is strong. Dynamical constraints such as selection rules for some transitions may affect this assumption, and accurate quantum calculations of cross sections are needed in order to understand the lowtemperature behavior of particular systems.
In this paper we present a partial-wave analysis of cross sections for elastic and inelastic scattering of O( 3 P j ) atoms by He atoms at low collision energies. The dynamics of O-He collisions at high temperatures has been studied previously ͓16,19,27͔. The investigators of electronic relaxation at low temperatures ͓15͔ found that cross sections for the 3 P 0 → 3 P 1 and 3 P 0 → 3 P 2 transitions in oxygen exhibit resonance structure at collision energies less than 10 cm Ϫ1 . Highly accurate potentials for the O-He interaction have been recently constructed from experimental measurements in crossed molecular beams ͓28͔, in conjunction with largescale ab initio calculations ͓16͔. Although the overall agreement of the different potentials is good, there are small discrepancies in the long-range part of the interaction ͓16͔. The analysis of the sensitivity of the OϩHe dynamics at ultracold temperatures to the interaction potentials should give an assessment of the absolute accuracy that can be achieved in theoretical calculations of rate coefficients for energy transfer in atomic collisions at T→0 K.
Because oxygen atoms in their ground state are paramagnetic, they can be cooled and trapped at ultracold temperatures with the state-of-the-art buffer-gas loading technique ͓5͔. Buffer-gas cooling of atomic oxygen has not yet been demonstrated because of the difficulty to detect the oxygen atoms in ultracold traps. Oxygen is an important constituent in many biological and atmospheric processes. The trapping of oxygen at ultracold temperatures may lead to precise investigations of oxygen-containing molecules. It is hoped that this work will stimulate further development of experiments for buffer-gas cooling of oxygen.
II. COMPUTATION DETAILS

A. Dynamical calculations
The methodology of our calculations of cross sections for O( 3 P)-He collisions is based on the theory described by Reid ͓29͔, Mies ͓30͔ and Alexander, Orlikowski, and Straub ͓31͔. In brief, the molecular basis functions are constructed as products of atomic wave functions of O( 3 P) and He( 1 S) in the ͉ j⍀͘ representation, where j is the total electronic angular momentum of the atoms and ⍀ is the projection of j onto the interatomic axis ͓16,19͔. The total Hamiltonian of the He-O system is expressed as
where R is the interatomic separation and is the reduced mass of the colliding particles. V ES is the electronic Hamiltonian, V SO is the spin-orbit interaction, and V CF is the operator of the Coriolis interaction given by
In this expression J is the total angular momentum for the collision, and Ĵ Ϯ and  Ϯ are the corresponding ladder operators. The elements of the V CF matrix can be readily written down in the ͉ j⍀͘ basis set ͓32͔. The operator for the spinorbit interaction is approximated by its value for atomic oxygen and it is diagonal in the ͉ j⍀͘ representation with elements corresponding to the asymptotic energies of the oxygen fine-structure levels ͓19͔.
The expansion of the total scattering wave function in the atomic basis functions leads to a system of nine coupled equations to be solved for expansion coefficients F j⍀ J at chosen values of the total energy E and total angular momentum Jу2:
͑3͒
In this equation k j 2 ϭ2(EϪ⌬ j ), ⌬ j is the asymptotic energy of the 3 P j scattering channel equal to the spin-orbit splitting in the oxygen atom, and the coupling matrix U is a sum of the V ES and V CF matrices. When Jϭ0 or Jϭ1, the system of equations ͑3͒ reduces to three or seven coupled equations, respectively. The elements of the V ES matrix can be expressed in terms of the potentials V ⌺ and V ⌸ of He-O ͓19,31,33͔. We present the V ES coupling matrix in Table I .
The system of equations ͑3͒ was solved numerically using the log-derivative propagator of Manolopoulos ͓34͔. The asymptotic log-derivative matrix was then transformed to the ͉ jl͘ representation of basis functions using the relation
where l is the orbital angular momentum for the collision and the symbols in the brackets are the Clebsch-Gordan coefficients. The transformation ͑4͒ ensures that the molecular channels have the correct asymptotic behavior corresponding to states with a given orbital angular momentum l. The S matrix is constructed from the log-derivative matrix. The total elastic and inelastic cross sections may be expressed in terms of the partial opacity cross sections according to
where
͑6͒
In the zero-temperature limit, where the collision dynamics is governed by the Wigner threshold law, the elastic and inelastic cross sections can be expressed in terms of the scattering length as follows ͓12͔: 
where ␣ and ␤ are the real and imaginary parts of the scattering length, respectively. The imaginary part of the scattering length is directly proportional to the zero-temperature rate coefficient for electronic relaxation of the j channel ͓12͔:
The relative magnitudes of ␣ and ␤ characterize quantitatively the threshold dynamics and determine whether the cooling of the system to ultracold temperatures will be efficient. The potentials V ⌺ and V ⌸ for the He-O interaction have been experimentally determined by Aquilanti and co-workers ͓28͔ and obtained theoretically using the ab initio coupled cluster method at the single and double excitation level of theory ͓16͔. The calculations reported here are performed with both sets of the interaction potentials. We refer to the potentials of Aquilanti and co-workers as scattering or empirical potentials, and the potentials from Ref. ͓16͔ as ab initio potentials. The behavior of the ab initio and empirical potentials in the region of the interaction minimum is presented in Fig. 1 . Although the overall agreement of the different potentials is good there are small differences between the ab initio and empirical potentials in the region of the van der Waals minimum and long-range parts of the interaction. These deviations have little effect on the high-temperature dynamics of O-He scattering ͓16͔ but may be significant for collisions at low temperatures.
In order to obtain converged solutions at ultralow collision energies, the system of Eqs. ͑3͒ is propagated to a maximum value of the interparticle distance Rϭ50 Å with a very small integration step. Ten partial waves are assumed in the summation ͑6͒ unless otherwise stated. The S matrices and cross sections are computed at 30 000 energy points in the interval between 10 Ϫ8 and 10 cm Ϫ1 . The present model of O-He collisions neglecting contributions from excited electronic states of the HeO molecule is particularly suited for calculations at low collision energies ͓16͔. It is also superior to alternative time-dependent techniques, which are often unstable or may produce artifacts due to improper absorbing boundaries at ultralow collision energies.
B. Resonance parameters from the S matrix
The scattering resonances are characterized by positions and widths. These parameters can conveniently be determined using the lifetime matrix theory developed by Smith ͓36͔ and utilized in investigation of resonances in electronatom collisions ͓20,21͔, electron-molecule collisions ͓22͔, and the photodetachment of H Ϫ ͓37͔. The lifetime matrix Q is related to the scattering S matrix ͑in atomic units͒ ͓36͔:
As a consequence of the unitarity of the S matrix, the Q matrix is Hermitian and its eigenvalues correspond to the lifetimes of the collision metastable states. In the vicinity of an isolated resonance one eigenvalue q max is significantly larger than all the others and it yields the lifetime of the resonance. The energy dependence of q max then has a Lorentzian shape
where E r and ⌫ r are the position and the width of the resonance. By constructing and diagonalizing the Q matrix on a set of closely spaced energies in the vicinity of the resonant enhancement of the cross sections, the energy dependence of q max can be obtained and fitted to the form ͑11͒, yielding the values of E r and ⌫ r .
III. RESULTS
The 3 P 0 state of oxygen has the highest energy of the three 3 P j levels. The energy splitting between the 3 P 0 and 3 P 2 levels is 226.6 cm Ϫ1 and between 3 P 0 and 3 P 1 it is 68.5 cm Ϫ1 ͓35͔. As shown in Table I there is no direct coupling between the 3 P 0 and 3 P 1 states. The 3 P 0 → 3 P 1 transition occurs by a three-step mechanism proceeding via the 3 P 2 state, and it is supported by Coriolis coupling between the jϭ2 sublevels ͓19͔. This transition is forbidden for s waves ͓15͔. Its cross section quickly becomes very small as the collision energy decreases ͓16͔. The 3 P 0 → 3 P 2 relaxation results in a large energy release and affects the ultracold dynamics of He-O collisions most significantly.
Figure 2 presents the energy dependence of the cross sections for elastic and inelastic s-wave scattering of O( 3 P 0 ) by He at ultralow collision energies computed with two sets of interaction potentials. The relaxation cross section rises in accord with the Wigner threshold law and exceeds the elastic cross section at energies less than 10 Ϫ3 cm Ϫ1 . The elastic cross section has oscillations whose maxima occur when the phase shift passes through multiples of /2 and it tends to a constant value as the velocity approaches zero. Table I shows that the nonadiabatic coupling responsible for the 3 P 0 → 3 P 2 relaxation is determined by the difference of the V ⌺ and V ⌸ potentials depicted in the right panel of Figure 2 shows that these differences have little effect on the threshold relaxation of O( 3 P 0 ). The elastic cross section is much more sensitive to the details of the interaction at low collision energies, where the ratio between the cross sections computed with different potentials reaches a factor of 1.7. The agreement between the elastic cross sections is good at collision energies larger than 0.1 cm Ϫ1 . The elastic cross section computed from a single diabatic empirical potential ͑the matrix element ͗ jϭ0,⍀ϭ0͉V es ͉ jϭ0,⍀ ϭ0͘ in Table I͒ is presented in Figure 2 . The nonadiabatic coupling of the spin-orbit states is not significant except for very low collision energies, where it increases the magnitude of the elastic cross section.
In order to characterize quantitatively the dynamics of O( 3 P 0 )-He collisions in the limit of vanishing temperature, we present in Table II the values of the real and imaginary parts of the scattering length. The large values of ␤ demonstrate that inelastic energy transfer is efficient at zero temperature. The deviation between the ␤ values computed with the two different potentials is only a few percent.
The dynamics of O( 3 P 1 )-He scattering in the limit of vanishing collision velocity is similar to the dynamics of O( 3 P 0 )-He collisions ͑Fig. 2͒. The inelastic cross section rises to infinity in agreement with the Wigner law ͓16͔ and the elastic cross section tends to a constant as the collision energy decreases. The real and imaginary parts of the zerotemperature scattering length for O( 3 P 1 )-He collisions are given in Table II . The values of ␤ describing the relaxation of jϭ0 and jϭ1 at Tϭ0 K have almost the same magnitude. This result indicates that the dynamics of inelastic collisions at ultracold temperatures is largely determined by the nonadiabatic coupling, which is nearly the same between the jϭ0 and jϭ2 states as it is between the jϭ1 and jϭ2 states.
It has been shown ͓8-11͔ that the rate coefficients for vibrational relaxation of diatomic molecules in collisions with atoms are finite and can have large magnitudes in the limit of zero temperature. It is interesting to see if the rate coefficients for electronic relaxation in the present system are also significant at Tϭ0 K. The ␤ values from Table II Because several experimental techniques developed recently for trapping atoms and molecules at ultracold temperatures ͑see, e.g., ͓5͔͒ rely on collisional cooling starting from temperature 1 K, it is important to analyze the temperature dependence of the rate coefficients for inelastic relaxation in the temperature interval between 0 and 1 K ͑Fig. 3͒. The rate coefficients for relaxation of both spin-orbit excited states of oxygen are maximal at temperature near 1 K and decrease monotonically to their zero-temperature value. The rate coefficients become constant at temperatures below 10 Ϫ2 K. The value of the rate coefficient at 1 K exceeds the zero-temperature values by a factor of 7 for relaxation of O( 3 P 1 ) and a factor of 10 for relaxation of O( 3 P 0 ). The cross sections for electronic relaxation of O( 3 P 0 ) by He are greatly influenced by scattering resonances at collision energies between 1 and 20 cm Ϫ1 ͓16͔. Figure 4 presents partial-wave cross sections ͓Eq. ͑6͔͒ for the 3 P 0 → 3 P 2 relaxation in O-He collisions computed with two potentials. The cross sections for every partial wave show resonancelike enhancement. The positions and magnitudes of the peaks are quite sensitive to the interaction potential with the biggest effect observed for Jϭ3. We plot in Fig. 5 the partial-wave cross sections for elastic O( 3 P 0 )-He scattering in the same energy interval. The positions and magnitudes of all the observed resonance peaks in the elastic and inelastic collisions of O( 3 P 0 ) with He are listed in Table III . The elastic cross sections for Jϭ1 and Jϭ2 do not show any resonance structure and behave similarly to the s-wave cross section at energies larger than 1 cm Ϫ1 ͑cf. Fig. 2͒ . The Jϭ3 and Jϭ4 elastic cross sections show large resonance peaks positioned approximately at the same energy as the resonance peaks in the inelastic cross sections.
To investigate the sensitivity of the resonances to the nonadiabatic coupling, we compare the elastic cross sections obtained in the full close-coupling calculations and from a single diabatic potential ͑broken curves in Fig. 5͒ . The nonadiabatic interaction is not important for the Jϭ1 and Jϭ2 cross sections but changes the magnitude of the resonance peaks for the cross sections corresponding to the partial waves Jϭ3 -7. The positions of the resonances in the presence of the coupling and without the nonadiabatic interaction are similar except for the Jϭ3 case. The position of the J ϭ3 resonance is more sensitive to the interaction potential than the positions of the other resonances. Thus, the cross section computed with the ab initio potentials peaks at 0.962 cm Ϫ1 for the elastic collision and at 0.934 cm Ϫ1 for the inelastic collision while the position of the maximum in the cross section computed from the scattering potentials lies at much lower energies of 0.384 cm Ϫ1 for the elastic collision and 0.374 cm Ϫ1 for the inelastic collision. If the coupling between the jϭ0 and jϭ2 states is neglected the elastic peak shifts to the even lower energy of 0.184 cm Ϫ1 . The magnitudes of the cross sections at the Jϭ3 resonance peak are also very sensitive to both the interaction potential and the magnitude of nonadiabatic coupling. The ratio of the resonance peaks in the elastic and inelastic cross sections computed from the ab initio potentials is Ϸ3, while with the empirical potentials the ratio is 0.16. The magnitude of the Jϭ3 peak in the elastic cross section increases by about a factor of 20 if the nonadiabatic coupling is neglected.
The observed peaks in the elastic and inelastic cross sections are due to shape resonances in the entrance He-O( 3 P 0 ) channel. In order to identify these resonances, we have diagonalized the Q matrix ͓Eq. ͑10͔͒ on a set of closely spaced collision energies spanning the interval between 0.01 and 17 cm Ϫ1 and fitted the largest eigenvalue of the Q matrix by the Lorentzian function ͑11͒. The positions and widths of the resonances thus obtained are listed in Table IV for Jϭ3 -7.
FIG. 4. Cross sections for inelastic O(
3 P 0 )-He scattering. Full curves, calculations with the empirical potentials; dotted curves, calculations with the ab initio potentials.
FIG. 5. Cross sections for elastic O(
3 P 0 )-He scattering. Full curves, calculations with the empirical potentials; dotted curves, calculations with the ab initio potentials; broken curves, calculations with a single diabatic potential.
It should be noted that in order to obtain the best fits to the broad resonances at large J values we have added to Eq. ͑11͒ a suitable constant representing the background contribution. There is a Lorentzian enhancement of q max for Jϭ1 and J ϭ2, but the magnitudes of the peaks are so small that because of inaccuracies due to numerical differentiation of the S matrix we could not produce reliable parameters for these resonances. Table IV Table IV͒ virtual resonance states. The absolute magnitudes of peaks in the cross sections stemming from these resonances must be small ͑cf. Table  III͒ . The barriers of the ab initio potentials are systematically higher than the barriers of the empirical potentials ͑cf. the relative positions of the resonances in Table IV͒ . The Jϭ3 resonance lies below the energy of the corresponding centrifugal barrier and the system trapped in this resonance can decay only through tunneling or nonadiabatic relaxation to the jϭ2 state. The Jϭ3 resonance is therefore significantly narrower than all other resonances and is extremely sensitive to the nonadiabatic coupling. The 3 P 0 → 3 P 1 relaxation of oxygen proceeds via an intermediate stage involving the jϭ2 states ͓19͔. The resonance structure of the cross section is entirely determined by the resonances in the 3 P 0 → 3 P 2 cross sections ͓15,16͔ and the positions and widths of the resonance peaks in the 3 P 0 → 3 P 1 cross sections are exactly the same as shown in Fig. 4 . The absolute magnitudes of the maxima are, however, significantly smaller than the magnitudes of the peaks in Fig. 4 . For the quantitative illustration of this phenomenon we include selected calculations of positions and magnitudes of the resonance peaks in the 3 P 0 → 3 P 1 cross section in Table  III . The 3 P 0 → 3 P 1 transition is forbidden when Jϭ0 ͑see Table I͒ and this relaxation pathway does not affect the s-wave dynamics of O-He collisions.
The dynamics of O( 3 P 1 )-He collisions at energies between ϳ1-20 cm Ϫ1 is more complicated because there are three values of orbital angular momentum corresponding to the initial jϭ1 level at fixed J. The partial opacity cross sections for electronic relaxation of O( 3 P 1 ) defined by Eq. ͑6͒ are presented in Fig. 6 for several values of total angular momentum. Every cross section shows at least one resonance. Some cross sections reveal two resonances with the propensity that the resonance lying at lower energy has a significantly greater magnitude. The elastic cross sections for O( 3 P 1 )-He collisions presented in Fig. 7 show two resonance enhancements with similar magnitudes for all J values except Jϭ2. The positions and magnitudes of all observed resonance peaks are collected in Table VI . The structure of the cross sections for He-O( 3 P 1 ) collisions is considerably more sensitive to the interaction potential than the cross sections for He-O( 3 P 0 ) scattering. All resonances in the inelastic cross sections correspond to peaking in the elastic cross sections, while there are some resonances in the elastic cross sections which do not result in enhancement of the inelastic channel. In order to interpret this behavior, we present the cross sections for elastic and inelastic He-O( 3 P 1 ) collisions corresponding to different l values at fixed total angular momenta in Fig. 8 . At low values of J there are two pronounced peaks of similar magnitude in the elastic cross sections corresponding to shape resonances at lϭJϪ1 and lϭJϩ1 and an even larger peak corresponding to lϭJ. For all values of J there are two peaks in the elastic cross section which have nearly the same positions, giving together a significant contribution to the total cross section. The positions of the corresponding peaks in the inelastic cross sections are well separated and the small magnitudes of these two maxima are usually washed out by the large magnitude of the third resonance peak. The relative magnitude of the cross section corresponding to the lϭJϪ1 partial wave becomes greater at high values of total angular momentum. All three resonances in the elastic He-O( 3 P 1 ) channel give rise to enhancement of the relaxation cross section, despite the fact that there are only two ⍀ states of He-O( 3 P 1 ) directly coupled to the j ϭ2 states ͑see Table I͒.
IV. SUMMARY
The main results of our study of the dynamics of O( 3 P j )-He scattering at low collision energies can be summarized as follows.
͑1͒ The complex scattering lengths for collisions of O( 3 P) with He in the limit of zero temperature are computed with two accurate interaction potentials. The rate coefficients for nonadiabatic relaxation of O( 3 P) by He have large magnitudes at Tϭ0 K. The cross sections for relaxation of O( 3 P 0 ) and O( 3 P 1 ) at ultralow energies computed with two different potentials are in close agreement. The cross sections for elastic collisions are more sensitive to the interaction potential and differ by a factor of ϳ1.7 in the limit of vanishing collision velocity. The nonadiabatic transitions in the lowtemperature limit are more sensitive to the nonadiabatic coupling than to the interaction in the initial or final collision channels.
͑2͒ The positions and widths of the shape resonances in He-O( 3 P 0 ) collisions are determined using the Q-matrix method, and the sensitivity of these resonances to the interaction potential and the nonadiabatic coupling is discussed. It is found that most resonances are due to virtual metastable states positioned right above the energy of the centrifugal barrier. These resonances are broad and affect the lowtemperature dynamics of energy transfer in He-O collisions leading to a maximum at low temperatures in the temperature dependence of the rate coefficients ͓15͔. At least one resonance is found to be positioned below the energy of the corresponding centrifugal barrier. The system trapped in this resonance state decays by tunneling through the barrier or by nonadiabatic relaxation to the jϭ2 state. The enhancement of cross sections corresponding to this resonance is extremely sensitive to the nonadiabatic coupling.
͑3͒ Two resonances in O( 3 P 0 )-He collisions at Jϭ1 and Jϭ2 result in peaking of the relaxation cross section but do not affect the dynamics of elastic collisions. The large background contribution to the elastic cross section apparently suppresses the influence of these short-lived resonances.
͑4͒ The resonance enhancement of cross sections for elastic and inelastic O( 3 P 1 )-He collisions is investigated and it is found that there are three shape resonances corresponding to the initial electronic angular momentum, which give rise to an enhancement of the relaxation cross section.
